Introduction
Nonsurgical therapy fails to control loc-oregional disease in 20-85% of patients with locally advanced cervical carcinoma [1] [2] [3] [4] [5] [6] . This may be due to understaging clinically [7] . In many instances, errors in staging are related to undiagnosed lymph node (LN) metastases [8, 9] . In a recent meta-analysis, positive predictive value (PPV) of CT was 60% and the negative predictive value (NPV) was 91% for detection of retroperitoneal lymph node metastasis with no significant difference between MRI and CT accuracy [10] .
It is suggested that accuracy of MRI is improved by using ferumoxtran-10 (f-10) nanoparticles. f-10, an ultra-small particle iron oxide (USPIO) agent, is the most widely investigated contrast medium in clinical trials. It has been used in a number of malignancies, including breast [11] , lung [12] , head and neck [13, 14] , and abdominal and pelvic malignancies [15, 16] . In a recent study Rockall et al. [17] evaluated 44 women with endometrial (n = 15) and cervical (n = 29) cancer with f-10, sensitivity of f-10 MRI was significantly higher than size criteria for one reviewer (P = 0.031) and showed a trend in the other reviewer (P = 0.06) without compromise of specificity.
This prospective multicenter clinical trial conducted by ACRIN (American College of Radiology Imaging Network) and GOG (Gynecology Oncology Group) was designed to evaluate the efficacy of PET/CT and f-10 MRI in the evaluation of LN metastasis in women with advanced cervical cancer. Since the provider of Combidex decided to discontinue further production, MRI component of the trial was closed. We report the results of the MRI component here. Our hypothesis was that f-10 improves accuracy of standard MRI (without USPIO agent) to detect LN metastasis in women with loco-regionally advanced cervical cancer.
Materials and methods

Study population
This is an IRB approved HIPAA compliant non-randomized prospective multicenter trial conducted by ACRIN/GOG. All patients provided written consent to participate in the study. Trial was IRB approved at all centers.
Patients were included who had primary, previously untreated, histologically confirmed, loco-regionally advanced (stages IB2, IIA2, IIB-IVA based on clinical examination ± imaging), invasive carcinoma of the cervix and were appropriate surgical candidate to undergo extra-peritoneal or laparoscopic pelvic and abdominal LN sampling within 2 weeks after MRI. Patients who had metastasis outside of the pelvis or abdominal LNs, prior pelvic radiation therapy or prior pelvic or abdominal lymphadenectomy, other invasive malignancies within the last 5 years, with the exception of non-melanoma skin cancer, and patients who had received ferumoxides within 2 weeks of enrollment were excluded.
Imaging protocol
Trial schema is shown in Fig. 1 . All analyzed patients underwent MRI followed by surgery within 2 weeks of MRI.
Patients underwent a single MRI, performed on a 1.5 T magnet with pelvic phased-array coil extending from pubic symphysis to the level of the origin of the inferior mesenteric artery. The MR sequences consisted of axial T1 GRE, axial and sagittal FSE, and axial T2* GRE. Slice thickness was 3 mm and no gap for all sequences. T2* sequences were obtained at TE of 12 and 21. MRIs were acquired 24-36 h after intravenous administration of f-10. Patients received 2.6 mg/kg of f-10 (Combidex; AMAG pharmaceuticals, Lexington, MA) diluted in 100 ml of normal saline and infused over 30 min. F-10 was provided as an IND (investigational new drug) agent by AMAG Inc (Cambridge, MA). IND was held by the National Cancer Institute. The use of anti-peristaltic glucagon, 1 mg IM was encouraged and 20/33 (61%) received glucagon. We obtained only a post f-10MRI since it has been validated that trained reviewers would perform equally well reviewing post-f-10 MRI without access to pre-f-10 MRI [18] .
Surgery
Surgery consisted of lymphadenectomy in eight nodal regions: right and left obturator, right and left external iliac, right and left common iliac, and right para-caval and aorto-caval and left para-aortic. Each was compared separately between MRI and lymphadenectomy results. Surgeons were expected to provide a full lymphadenectomy for each of the eight regions independently or confirm malignancy by intra-operative biopsy, if a region was not resectable. Combined external iliac and obturator LN sub-regions were considered pelvic region and combined common iliac and para-aortic LN sub-regions were considered abdominal region for statistical analysis. A patient was considered to have pelvic or abdominal malignant lymphadenopathy if there was at least one of the included 4 sub-regions involved.
Surgeons were not blinded to the pre-enrollment imaging results. Protocol required discussion of the result of f-10 MRI with the surgeons. However, we could not confirm if this discussion occurred. 
Pathology analysis
Pathology review was performed at each institution. For LNs smaller than 10 mm in long axis, they were bisected into two halves, each approximately 5 mm thick. For LNs longer than 10 mm, the nodes were sectioned at 5 mm intervals parallel to the short axis, and one slide was prepared from each section. The following data were collected: total number of LNs per sub-region, presence/absence of LN metastasis, size of the largest focus of metastasis per subregion, size of the largest positive and negative LN per sub-region.
Imaging review
The initial design of the study required review by seven reviewers based on sample size calculation. Four of the seven readers had previous experience in review of f-10 trials and the other three went through an initial didactic training as well as three test cases before reviewing study MRIs. Test cases were not selected from study cases. The readers independently reviewed MRIs, blinded to the clinical information and final pathology results. They were chosen from centers not involved in the accrual of patients. Readers were provided MRI images either at the ACRIN headquarters or in their own institutions using different commercially available familiar workstation. Review process was arranged in two settings; (a) first, all sequences excluding T2* GRE sequence were reviewed (USPIO-insensitive sequences), (b) second, review of all sequences including USPIO-sensitive sequences. During the first review of each region, the number of positive and negative LNs, presence/absence of metastatic LN, and short axis of the largest positive/negative LNs was recorded. A LN was considered positive if the short axis was >8 mm for a node with short axis > half the length of long axis, and >10 mm for a node with short axis < half the length of long axis in all regions. Previously published criteria were used for evaluation of USPIO-sensitive sequences [18] . High intensity LN or high intensity focus in an otherwise normal intensity LN on T2* was considered positive (Fig. 2) .
The LNs were rated from 1 to 6 to capture the possibility of malignancy, with 1 = definitely benign, 2 = most likely benign, 3 = probably benign, 4 = probably malignant, 5 = most likely malignant and 6 = definitely malignant. For the purpose of sensitivity and specificity calculation, 1-3 was considered negative and 4-6 was considered positive.
Data analysis
The primary unit of analysis was patient and not nodal region. Pathology data was the reference standard. The abdomen or pelvis region was considered positive if at least one of the corresponding four sub-regions had a positive reference standard. However, if any sub-regional reference standard was missing, and the rest of the sub-regions were negative, the reference standard for abdomen or pelvis was considered missing.
In order for the reader to get credit for making a correct diagnosis, the true positive node should be on the same side as identified by the imaging, i.e. para-aortic or common iliac for abdomen region, and external iliac or obturator for pelvic region. For the calculation of sensitivity, specificity, NPV, PPV, and AUC, the individual reader scores were used.
For each reader, 95% CIs for the estimates of sensitivity, specificity, PPV and NPV were presented as the exact confidence intervals (Clopper-Pearson). 95% CIs for the differences in sensitivity and specificity were calculated using the method by Fleiss [19] . P-values for the sensitivity and specificity comparisons were based on McNemar's test statistic. Comparison of PPVs and NPVs were based on a GEE model proposed by Leisenring et al. [20] , where the link function was chosen to be the logit function, hence the inference was made on the odds ratio of PPV or NPV and P-values were derived from Wald's statistic. Estimates, 95% CIs and P-values related to AUC were derived by using the Delong & Delong method [21] for empirical ROC curve.
Comparison of the average sensitivity/specificity, PPV, and NPV between USPIO-insensitive sequences and all sequences, for an average reader, were computed with a generalized linear mixed model with a random reader effect. The comparison of average empirical AUCs between USPIO-insensitive sequences and all sequences, from all seven readers, were computed using Obuchowski's method [22] . MRI diagnoses of LN metastasis (yes/no) from the seven readers were compared with kappa statistics, assuming all observations are independent, for USPIO-insensitive sequences and all sequences, and for abdominal, pelvic, and combined. The sensitivities or specificities between the seven readers were compared with generalized estimating equation methodology. Of the 33 patients, 31 had complete information for abdominal lymph nodes based on pathology, and 12 were positive (prevalence 39%). Thirty patients had complete information for pelvic lymph nodes, and 21 were positive (prevalence 70%). Ten of 12 patients with abdominal lymph node metastasis also had pelvic metastasis. Range and mean size of the largest metastatic focus in the LN on pathology in the abdomen were 1-30 mm (mean 13.7 ± 10 mm) and in the pelvis were 2-50 mm (mean 18.8 ± 11.7 mm). The largest focus of metastasis in a LN was larger in the pelvis than those in the abdomen (P = 0.018).
Results
Forty
The sensitivities of f-10 MRI all sequences to detect LN metastasis were 83% in pelvis, 60% in abdomen, and 86% abdomen and pelvis combined, compared with 78%, 54%, and 80% respectively for USPIO-insensitive sequences. Although the sensitivities of f-10 MRI all sequences were higher than the ones from USPIO-insensitive sequences for all three comparisons, the differences were not statistically significant (P = 0.24, 0.44 and 0.14, respectively) ( Table 1) .
The specificities of f-10 MRI all sequences were 48% in pelvis, 75% in abdomen, and 43% abdomen and pelvis combined, compared with 75%, 83%, and 73% for USPIOinsensitive sequences. Although the specificities of f-10 MRI all sequences were lower than the ones from USPIOinsensitive sequences for all three comparisons, the differences were significant in the pelvis (P = 0.003) and combined abdomen/pelvis (P = 0.002) but not in the abdomen alone (P = 0.14).
To determine the effect of LN size on the accuracy values of f-10, we compared the accuracy values for LN metastasis detection for LNs > 8 mm in short axis and those ≤ 8 mm (Table 2) . Eight millimeter was used as a threshold since this is the value we used to consider a LN abnormal on USPIO-insensitive sequences. LN size on USPIO-insensitive sequences were used to do this analysis. Among patients with LNs ≤ 8 mm (which, by definition, were negative on USPIO-insensitive sequences), f-10 MRI increased sensitivity of MRI from 0% to 18% (P = 0.018) in the abdomen and from 9% to 36% (P = 0.011) in the pelvis but this was at the expense of reduced specificity. Among patients with LNs > 8 mm, the addition of f-10 MRI did not improve sensitivity over USPIO-insensitive sequences alone.
The areas under the ROC curve (AUC) for both sets of sequences review were almost identical, with AUC of 0.69 in the abdomen for both sets of sequences. AUC was 0.78 for USPIOinsensitive sequences and 0.75 for all sequences review in the pelvis (P = 0.47) ( Table 1) . Table 3 shows inter-reader agreement on lymph node metastasis diagnosis for all regions. The inter-reader agreement to identify a LN as positive or negative was good to excellent (Kappa: 0.74-0.89) for USPIO-insensitive sequences that relied on size criteria alone. The agreement was moderate (Kappa: 0.46-0.54) for all sequences. The sensitivity and specificity values for each individual reader in any of the regions did not differ significantly (P > 0.32).
Discussion
The purpose of this trial was to determine the accuracy of f-10 MRI in the detection of LN metastasis in loco-regionally advanced cervical cancer. The knowledge of the extent of LN metastasis is important to determine the radiation field in those patients who undergo primary chemo-radiotherapy or postoperative adjuvant radiotherapy.
The prevalence of LN metastasis in this cohort was 70% in the pelvis and 39% in the abdomen with two patients with abdominal LN metastasis only. This corresponds to the known sequential LN metastasis in cervix cancer with pelvic LN metastastases generally occurring first, followed by common iliac and abdominal LN metastasis [23] . The prevalence of LN metastasis in our cohort is higher than that previously reported in the literature [23, 24] . This may potentially be related to a number of factors, including more complete surgical lymphadenectomy being performed on this prospective evaluation with a defined surgical endpoint, or selection bias on the part of the surgeons if they had access to pre-enrollment imaging. The sensitivity of all sequences was higher than USPIOinsensitive sequences in both abdomen and pelvis, but without statistical significance. Due to the moderate size of the study population, this study may lack sufficient power to detect a true improvement of diagnostic sensitivity with f-10 MRI compared with an MRI without f-10. F-10 increases sensitivity of MRI significantly to detect LN metastasis in LNs with short axis ≤ 8 mm in both the abdomen and the pelvis but this was at the expense of reduced specificity. Improving sensitivity is in agreement with other studies and a recent meta-analysis of the utility of f-10 MRI in different cancers [25] .
The mean diameter of the largest positive focus in the LNs of abdomen was significantly smaller than in the pelvis. The sensitivity of both sets of sequences was lower in the abdomen, likely due to the smaller size of metastatic foci in the abdominal LNs. The specificities of USPIO-insensitive sequences were significantly higher than those of all sequences in the pelvis and combined abdomen/pelvis but not in the abdomen.
It is difficult to explain the lower specificity of MRI considering we were not able to do node for node analysis in this multicenter trial. We speculate, however, that it could be partly related to lack of removal of some of the involved LNs on imaging during lymphadenectomy. Fig. 3 is an example of an enlarged common iliac LN that was positive on all sequence. This LN region was called negative on lymphadenectomy. Some regions are likely more difficult to dissect, such as LNs posterior to the common iliac vessels. In a multicenter study of f-10 MRI in prostate cancer, a high percentage of positive lymph nodes could be confirmed histologically only by extended lymphadenectomy beyond the standard lymphadenectomy or MR or CT-guided biopsy [26] . Similar results were obtained in another study evaluating diffusion-weighted MR imaging in normal sized lymph nodes in patients with bladder or prostate cancer using extended pelvic lymphadenectomy [27] . Another explanation would be a true false positive by f-1-0 MRI. Many patients with cervical cancer develop chronic infection within their primary tumor. This could potentially result in reactively enlarged lymph nodes. It is possible that reactive LNs caused apparent defects within the nodes resulting in false positive diagnosis. In the multicenter trial on prostate cancer [26] , 24% of positive LNs on f-10 MRI did not show histological confirmation [26] . There is no other study that has evaluated the utility of f-10 MRI in this cohort of patients. However, multicenter trials generally have less favorable results than the single center studies.
The inter-reader agreement to identify positive or negative LN was good to excellent for USPIO-insensitive sequences that relied on size criteria. The agreement was moderate for sequences relying on USPIO sensitive sequence. This is not unexpected since this sequence is less robust to acquire and more difficult to interpret. The range of experience of the seven readers in this study did not significantly influence their accuracy values (P > 0.05).
This study has a number of limitations. The main limitation is the small sample size due to stoppage of the trial because of unavailability of Combidex. The second limitation is that we were not able to do node for node comparison. This is not feasible for most studies that compare imaging with lymphadenectomy, especially in a multicenter trial. New 3D acquisitions with isotropic 1 mm slices could potentially improve results. Additionally, thinner than 5 mm pathology sections could have potentially detected smaller foci of metastasis.
Ferumoxtran-10 has been discontinued but Combidex ® has been purchased by a Dutch university that intends to launch global trials (www.prweb.com/releases/2013/4/ prweb10600077.htm).
In conclusion, in this study, the addition of USPIO agent adds to the sensitivity of MRI to detect LN metastasis in advanced cervical cancer. However, specificity was lower in the pelvis when USPIO MRI was considered. Both USPIO-insensitive and sensitive sequences performed better in the pelvis as compared to the abdomen. This appears to be due to larger foci of metastatic disease in the lymph nodes in the pelvis. Further trial with a larger sample size is warranted once a LN specific agent for MRI becomes available.
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